Atrial fibrillation (AF) is one of the most common postoperative complications following cardiac surgery. Recent evidence suggests that postoperative atrial fibrillation (POAF) may be more 'malignant' than previously thought, associated with follow-up mortality and morbidity. To evaluate the long-term survival of POAF versus No-POAF cohorts following coronary bypass surgery, the current meta-analysis with reconstructed individual patient data was performed. Electronic searches were performed using six databases from their inception to August 2014. Relevant studies with long-term survival data presented for POAF versus No-POAF were identified. Data were extracted by two independent reviewers and analysed according to predefined clinical endpoints. The pooled hazard ratio (HR) significantly favoured higher survival in No-POAF over POAF (HR 1.28; 95% CI, 1.19-1.37; I 2 = 96%; P < 0.00001). Individual patient data of 69 518 patients were available for inverted Kaplan-Meier survival curve analysis. Analysis of aggregate data using Kaplan-Meier curve methods for POAF versus No-POAF groups determined survival rates at the 1-year (95.7 vs 98%), 2-year (92.3 vs 95.4%), 3-year (88.7 vs 93.9%), 5-year (82.6 vs 89.4%) and 10-year (65.5 vs 75.3%) follow-up. Other complications including 30-day mortality, strokes, respiratory failure, pneumonia and hospitalization were significantly higher in the POAF group. New-onset AF following coronary bypass surgery is associated with significantly higher risk of mortality in short-and long-term follow-up. Current evidence suggests the need for stricter surveillance and monitoring of POAF following coronary bypass surgery.
INTRODUCTION
Atrial fibrillation (AF) is one of the most common postoperative complications following cardiac surgery. This in turn translates into longer hospitalization, increased cost of hospitalization as well as association with thromboembolic events and mortality [1] [2] [3] . Despite new-onset postoperative atrial fibrillation (POAF) occurring in 20-40% of patients [4] [5] [6] following coronary artery bypass graft (CABG) surgery, the underlying mechanisms are not well established. However, it has been traditionally thought to be transient and benign to the patient [7] .
Recent evidence suggests that POAF may be more 'malignant' than previously thought, associated with follow-up mortality and morbidity [6, [8] [9] [10] . Several studies have provided compelling data to demonstrate the link between POAF and short-term mortality [11] [12] [13] . However, association between POAF and long-term mortality is not established, with rates at long-term follow-up not well defined. Given the increasing number of elderly and high-risk patients undergoing cardiac surgery and CABG, there is a need to elucidate the long-term influence of POAF, given that there are already known associations with comorbidities including heart failure, stroke, prolonged hospital stay and cost [11] . To evaluate the long-term survival of POAF versus No-POAF cohorts, the current meta-analysis with reconstructed individual patient data was performed.
METHODS

Literature search strategy Selection criteria
Eligible comparative studies for the present systematic review and meta-analysis included those in which patient cohorts comparing CABG patients with POAF versus CABG patients without POAF and presenting longer-term survival rates ≥1 year. When institutions published duplicate studies with accumulating numbers of patients or increased lengths of follow-up, only the most complete reports were included for quantitative assessment at each time interval. Reference lists were also hand-searched for further relevant studies. All publications were limited to those involving human subjects and in the English language. Abstracts, case reports, conference presentations, editorials, reviews and expert opinions were excluded.
Data extraction and critical appraisal
The primary outcome of interest was all-cause mortality and aggregate survival at follow-up. Other extracted data included baseline patient characteristics, number of patients enrolled, postoperative complications including 30-day mortality, strokes, respiratory failure, pneumonia, myocardial infarctions and length of stay. All Kaplan-Meier curves were recorded and later digitized for reconstruction of individual patient data for each study.
All data were extracted from article texts, tables and figures. Two investigators (Kevin Phan, Hakeem S.K. Ha) independently reviewed and assessed the quality of each retrieved article. Discrepancies between the reviewers were resolved by discussion and consensus. The final results were reviewed by the senior investigator (Tristan D. Yan).
Statistical analysis
Clinical outcomes were assessed using standard meta-analysis technique, with the relative risk (RR) used as a summary statistic. Both fixed-and random-effect models were tested and used to calculate the pooled RR or weighted mean differences for the surgical literature. Since similar results were obtained, only results of the random-effect model are presented. χ 2 tests were used to study heterogeneity between trials. I 2 statistic was used to estimate the percentage of total variation across studies, owing to heterogeneity rather than chance, with values greater than 50% considered as substantial heterogeneity.
Individual patient survival data were reconstructed using an iterative algorithm that was applied to solve the Kaplan-Meier equations originally used to produce the published graphs. The mathematical basis of this algorithm is described in detail by Guyot et al. [14] . DigitizeIt software is used to digitize published Kaplan-Meier curves. This software essentially converts the published Kaplan-Meier curve into a set of coordinate points which accurately estimates all points on the graph. The digitized numerical data were used to solve numerical solutions to the inverted Kaplan-Meier equations as per algorithms in Guyot et al. The algorithm allowed the 'reconstruction' of patient-level data by estimating the 'alive' or 'dead' status of each patient on follow-up, which could then be aggregated to form combined survival curves for POAF and No-POAF cohorts. This algorithm assumes constant censoring and was calculated in R software (v.3.1.0).
Publication bias of the major outcomes of this meta-analysis was detected by Egger's regression test. If studies appeared to be missing in the areas of low statistical significance, then this indicates that there may be asymmetry due to publication bias. If studies appear to be missing in areas of high statistical significance, then publication bias is less likely a cause of funnel asymmetry.
All P-values were two-sided. 
RESULTS
Quantity and quality of evidence
From the systematic literature search, a total of 1065 unique studies were identified. After exclusions of studies based on title and abstract screening, 29 studies remained for detailed analysis. Finally, 13 relevant studies [6, 9, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] were included in the present review of qualitative and quantitative analysis (Fig. 1) .
All included studies were observational studies, including one prospective [23] , three retrospective analyses of prospectively collected data [13, 15, 17] and nine retrospective observational studies [6, 9, 16, [18] [19] [20] [21] [22] 24] . There were 10 studies which recruited >1000 patients in each arm [9, 15, [17] [18] [19] [20] [21] [22] [23] [24] . Thirty-day mortality was reported in 7 studies [6, 9, 13, [19] [20] [21] 23] , whilst hazard ratios (HRs) for long-term survival was reported in 10 studies [9, 13, 15, [17] [18] [19] [20] [22] [23] [24] . All included studies provided Kaplan-Meier curves for long-term survival actuarial survival rates. Study characteristics are summarized in Table 1 .
Baseline and operation characteristics
The baseline patient and operation characteristics are summarized in Table 2 . The weighted average age was significantly higher in the POAF cohort by 4.9 years (68.4 vs 63.5 years; P < 0.00001). The POAF group had a greater proportion of males (76.1 vs 73.9%; P = 0.0001). While the POAF group had fewer patients with hypertension (26.9 vs 68.1%; P < 0.00001), there were more individuals with prior strokes (10.2 vs 8.2%; P < 0.00001). Compared with No-POAF, POAF patients were more likely to have a background of heart failure (17.7 vs 13.2%; P < 0.00001), peripheral vascular disease (15.1 vs 11.9%; P < 0.00001), renal insufficiency (5 vs 4.3%; P = 0.0009) and chronic obstructive pulmonary disease (14.1 vs 11.7%; P < 0.00001). There was no difference between the POAF and No-POAF cohorts in terms of underlying prior myocardial infarcts, diabetes or high cholesterol. Use of beta-blockers and angiotensin-converting enzyme (ACE) inhibitors were also comparable between POAF and No-POAF cohorts.
In terms of operation parameters, no difference was found between POAF and No-POAF groups in terms of cardiopulmonary bypass duration (90.6 vs 87.9 min; P = 0.12) and cross-clamp duration (59.9 vs 57.3 min; P = 0.08). However, POAF was associated with significantly higher intra-aortic balloon pump (IABP) use (3.0 vs 1.6%; P < 0.00001) and higher inotrope use (27.4 vs 15.4%; P < 0.00001).
Assessment of postoperative complications
The 30-day mortality rate was significantly higher in the POAF cohort compared with No-POAF following CABG surgery (2.5 vs 1.5%; P < 0.00001; Fig. 2 ). Other complications were also significantly higher in the post-CABG AF group including strokes (2.7 vs 1.3%; P < 0.00001), respiratory failure (6.5 vs 3.4%; P < 0.00001), pneumonia (5.2 vs 2.5%; P < 0.00001) and longer hospitalization 
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(11 vs 8.9 days; P < 0.00001). There was no difference between the cohorts for myocardial infarctions (3.2 vs 2.9%; P = 0.44) (Fig. 3) .
Assessment of long-term survival
The overall adjusted HR from each included study was pooled to determine the overall long-term survival comparing POAF versus No-POAF groups. The pooled HR significantly favoured No-POAF over POAF (HR 1.28; 95% CI, 1.19-1.37; I 2 = 96%; P < 0.00001; Fig. 4 ).
Individual patient data of 69 518 patients were available for inverted Kaplan-Meier survival curve analysis. From this, 16 601 patients were from the POAF cohort and 52 917 patients were from the No-POAF cohort. Analysis of aggregate data using Kaplan-Meier curve methods for POAF versus No-POAF groups determined survival rates at the 1-year (95.7 vs 98%), 2-year (92.3 vs 95.4%), 3-year (88.7 vs 93.9%), 5-year (82.6 vs 89.4%) and 10-year (65.5 vs 75.3%) follow-up (Fig. 5 ). 
Publication bias
Begg's rank correlation method (P = 0.640) and Egger's weighted (P = 0.884) regression method were performed to assess publication bias in long-term mortality outcomes. Although both tests suggest that publication bias was not an influencing factor when mortality was selected as an outcome measure for all included studies, visual inspection of the funnel plot suggests a small study effect exists (Supplementary Fig. 1 ). Using the imputed trim and fill method, two studies were estimated to be 'missing', with the point estimate for mortality adjusted slightly from 1.276 (95% CI, 1.19-1.37) to 1.250 (95% CI, 1.17-1.33). 
DISCUSSION
POAF was thought to be a well-tolerated, benign and self-limiting complication of cardiac surgery that was temporary and easily treated [7, 25, 26] . There is now slowly growing evidence that No-POAF may be associated with short-term and long-term mortality and morbidity following CABG [17, 22] . While there is consistent pooled evidence to show the efficacy of concomitant treatment of AF during cardiac surgery [27] [28] [29] [30] [31] , the approach and management of No-POAF after cardiac surgery remains unclear.
In the present meta-analysis of 109 399 patients, significantly higher mortality was associated with POAF compared to No-POAF, both in terms of 30-day and long-term follow-up. Pooled HRs and aggregated survival from reconstructed individual patient data suggested up to 10% higher actuarial survival in the No-POAF versus POAF cohort even at the 15-year follow-up. Significant higher complications including strokes, respiratory failure and longer hospitalization, as well as advanced age, were also found to be associated with POAF. Assessment of risk factors demonstrated that the POAF group had greater use of IABP and inotropes intraoperatively. No differences in preoperative ACE inhibitor use were found between POAF and No-POAF groups. It was also found that use was similar between POAF and No-POAF cohorts (71 vs 72.9%; P = 0.71). Overall, we believe that there is compelling evidence to warrant concern surrounding POAF and its association with long-term survival and morbidities [28] . Whether this association is causal or not cannot be answered by the present study. However, one potential explanation is that POAF is a surrogate marker for a more severe general status, which may translate to higher mortality rates over time.
The mechanisms responsible for POAF following CABG are still a matter of contentious debate, requiring further elucidation. There have been several explanations proposed to explain this arrhythmic complication. Firstly, POAF may be associated to or be a surrogate marker of inflammatory stimuli involved in cardiac surgery [32, 33] . The CABG procedure involves manipulation of the heart and pericardium, which may place the thoracic cavity under surgical stress, inducing an inflammatory response and release of proinflammatory cytokines. The inflammation response may also be triggered directly via surgical incision of the atrium, leading to ischaemia or scar tissue which may act as a substrate for AF [34] . Recent evidence for the potential link between thromboembolism and POAF comes from El-Chami et al. [22] , who demonstrated that POAF patients receiving warfarin experienced a 22% relative reduction in mortality compared with POAF patients without warfarin at discharge. Another proposed mechanism for POAF following CABG includes autonomic imbalance and sympathetic activation. Several studies have demonstrated a significant association between elderly cardiac surgery patients and increased circulating catecholamine levels [35] . This may translate into an increased sinus rate, atrial ectopic activity and heart rate variability, preceding POAF [36, 37] . Some have proposed that based on this background, the prescription of beta-blockers may provide an antiarrhythmic effect and reduce POAF incidence following CABG [11, 38] . The present meta-analysis results do not support this, with no significant difference in beta-blocker use in POAF versus No-POAF groups. Oxidative stress may also play a role in the mechanisms of POAF following coronary bypass surgery. The CABG procedures involve a reperfusion stage, which induces oxidative stress in the patient that is directly related to the severity of the ischaemic period [39] and the left ventricular ejection fraction [40] . This may generate localized and systemic oxidative stress, thus inducing AF [41, 42] . While the causative mechanisms underlying POAF are still not clear, it is evident that this is a complex complication of multifactorial aetiology and is significantly associated with long-term mortality and morbidity. Future avenues of research should focus on the underlying pathophysiology of POAF, which may give rise to an effective way of reducing late mortality, rather than on more aggressive treatment options.
Strengths and limitations
The present meta-analysis is constrained by several limitations. First, this is a systematic review of predominantly retrospective, observational studies. Such study designs compare POAF and No-POAF cohorts that are unmatched, which may intrinsically be biased by other postoperative complications for which POAF is acting as a surrogate marker. Variations in population profiles between the study is another limiting factor, with some studies [22] only investigating long-standing persistent AF patients, while other studies investigated both paroxysmal and persistent forms. Rate and rhythm control, and anticoagulation protocols on followup was not consistently reported among the studies, and as such, it is difficult to definitively conclude whether increased long-term mortality in the POAF group is due to new-onset arrhythmia or poor management of underlying thromboembolic risk. Such variations may be responsible for significant heterogeneity observed in pooled complication rates. Second, the definition and inclusion/exclusion criteria for AF varied among the included studies, undermining the validity of reported incidence and follow-up POAF rates. For example, El-Chami et al. [22] defined new-onset AF according to the Society of Thoracic Surgery recommendations, which is the occurrence of POAF or atrial flutter requiring treatment in the form of beta-blockers, calcium-channel blockers, amiodarone, anticoagulation or cardioversion. In contrast, Ahlsson et al. [13] defined POAF as an ECG-verified episode lasting greater than 1 min during the first seven postoperative days. The former definition may also potentially exclude patients with short self-limiting fibrillation episodes, or those who did not receive medical or cardioversion treatment. Third, it is difficult to conclude whether POAF is an independent contributor to long-term mortality. Certainly, some risk factors identified in the present analysis including age, male gender, heart failure and peripheral vascular disease are also common to early mortality [11] . As such, delineating whether late mortality is due to the previous background of cardiovascular complications versus POAF is challenging and will require further investigation for validation. Finally, the inherent assumption of constant censoring when reconstructing individual patient survival data based on an iterative algorithm [14] may undermine the accuracy of the reported aggregate survival rates on follow-up.
The present study has several important strengths. Firstly, this updated meta-analysis is based on studies that report long-term aggregate survival rates for POAF versus No-POAF cohorts, instead of focusing on early and medium-term follow-up and overall effect-size reports. To provide the most up-to-date aggregated survival rate on follow-up, validated iterative statistical methods to solve inverted Kaplan-Meier solutions [14] and digitising software were used to determine as accurately as possible reconstructed individual patient data from each included study.
Furthermore, another limitation is the variability with which POAF was defined by different studies, and the diverse covariates for which POAF was adjusted for. When possible, pooled estimates of HR for overall survival were presented based on multivariateadjusted HRs adjusted for multiple risk factors for AF. Sensitivity metaregression analysis did not show that the overall effect size was significantly influenced by any particular one study. There was also inconsistency between the studies in terms of adjustment for concomitant valvular surgery, and medications that may influence POAF such as amiodarone, calcium-channel blockers and statins. Ideally, the observational studies included in this meta-analysis should have similarly performed an adjusted analysis for relevant covariates for each studied outcome. Adjusted analysis was not feasible for pooled results from all included studies and this may lead to residual confounding in the observed observations.
Another constraint in this study is the non-standardized, inconsistent reporting of outcomes and complications. The extent to which POAF is associated with long-term AF is influenced by the rate of AF recurrence. This outcome was not addressed by the included studies in the long term, which limits the validity of our analysis.
Conclusions
New-onset AF following coronary bypass surgery is associated with significantly higher risk of mortality in short-and long-term follow-up. This difference in survival rate remains even up to the 15-year postoperative follow-up. Whether this association is causal or whether AF is only a marker for underlying cardiovascular disease remains to be elucidated in future studies. However, current evidence suggests the need for stricter surveillance and monitoring of POAF following coronary bypass surgery.
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